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19.., ABSTRACT (Continued).

~available data. The results are encouraging but inconclusive. With the existence
of source-resolved irradiance data, an improvement was made to the TRS predictor
models; this improvement has applicability to TRS use in predicting free-field
environments.

The photographic and spectral measurement made in the visible were useful to under-
standing the TRS flame structure. The baffled calorimeter experiments yielded data
directly usable to improve models.
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SUMARY

The work reported herein was conducted in support of the use of'
aluminum-liquid oxygen (LOX) thermal radiation simulators (TRS) in the planned
large blast/thermal simulator (LB/TS). This facility is being considered for
development by Defense Nuclear Agency (DNA). The type of TRS is the so-called
flame or torch TRS, which consists of a set of nozzles each burning aluminum
powder in sprayed liquid oxygen (LOX). Unless otherwise noted, use of the %'
acronym, "TRS", means the Al-L(X flame TRS. -...

The tasks performed during this work consisted of the following
activities: (1) the DNA TRS predictor models were extended to account for
different burn rates, (2) conditions unique to the LB/TS were considered from
a modeling viewpoint, (3) four camera systems were used to characterize the
spectral and temperature variations of a DNA four nozzle TRS at Kirtland AFB,
NM for three TRS burns, (4) calorimeter baffles were designed, constructed,
and used to obtain source-resolved irradiance data.

Relationships to scale TRS output to fuel flow rate were hypothesized T.
and compared to available data. The results are encouraging but inconclusive;"e
the trends that have been inferred will warrant further inspection when more
data become available. In addition, with the existence of source-resolved
irradiance data, it was possible to make a basic improvement to the TRS
predictor models. This improvement also has applicability to TRS use in
predicting free-field environments.

The photographic and spectral measurement made in the visible
spectrum were useful in better understanding the TRS source. An attempt, .f.N *-.

however, should also be made to model these photographic and spectral
measurement results. Further, measurements in the infrared would help
determ'ine the nature of the flame's radiance; these could be compared with the
optical data. '

The baffled calorimeter experiments that were performed are new to "A
TRS; these yielded useful data. It is recommended that these new baffled
calorimeter data be reacquired on a dedicated set of TRS burns and a larger
number of calorimeters be used.

There is currently no way to assess calorimeter response just prior
to a shot. A readiness condition is tested by briefly exposing each
calorimeter to the flame of a portable propane torch. Response is noted but
not quantized. To assure a common base to the data, and that certain biases
ijave not been introduced, spot checks should be developed for the LB/TS and
also the field.
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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement.

,ULTIPLY BY TO GET
" TO GET - BY DrVDE

angstrom 1.000 000 X E -10 moters ()
atmosphere (normal) 1.013 25 X E +2 kilo pascal (kPa)
bar 1.000 000 X E +2 kilo pascal (kPa)
barn 1.000 000 • 1 -28 meterZ ( = )
British thermal unit 1.054 350 • E +3 joule (J)

s.-" (thermochemical)
calorie (thermochemical) 4.184 000 joule (J)
ca. (thermochemical)/cm2  4.184 000 1 E -2 mega joule/u2 ('/m)
curie 3.700 000 X E +1 giga becquerel (GBq)*
degree (angle) 1.745 329 X E -2 radian (red)
degree Fahrenheit T *(t'f*459.67)/I.8 degree kelvin CW)
electron volt 1.602 19 X E -19 joule (J)
erg 1.000 000 X E -7 joule (J)
org/second 1.000 000 X K -7 watt (W)
foot 3.048 000 1 E -L meter (i)
foot-pound-force 1.355 818 joule (J)
gallon (U.S. liquid) 3.785 412 X E -3 meter2 (MI)
inch 2.540 000 X E -2 meter m)
jerk 1.000 000 X E +9 joule (J)
joule/kilogram (J/kg) 1.000 000 Gray (Gy)**

(radiation dose absorbed)
kilotons 4.183 terajoules
kip (1000 lbf) 4.448 222 X E +3 newton (N)

%I kip/inch2 (ksi) 6.894 757 I E +3 kilo pascal (kPa)
ktap 1.000 000 X K +2 nevton-second/n

(N-s/ 2 )
micron 1.000 000 X E -6 meter m)
ail 2.540 000 X E -5 meter m)
mile (international) 1.609 344 X E +3 meter m)
ounce 2.834 952 X E -2 kilogram (kg)
pound-force (lbf avoirdupois) 4.448 222 nowton (N)
pound-force inch 1.129 848 X E -1 newton-meter (N'm)
pound-force/inch 1.751 268 X E +2 newton/meter (N/in)
pound-force/foot2  4.788 026 X E -2 kilo pascal (kPa)
pound-force/inch2 (psi) 6.894 757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4.535 924 X E -1 kilogram (kg)
pound-mass-foot2  4.214 011 X E -2 kilogram-meter2

(moment of inertia) (k-m a)
pound-mass/foot3 1.601 846 X E +1 kilogram/meter 3

(k/M)

rid (radiation dose absorbed) 1.000 000 X E -2 Gray (Gy)**
roentgen 2.579 760 X E -4 coulomb/kilogram

(C/kg)
shake 1.000 000 X E -8 second (s)
slug 1.459 390 X E +1 kilogram (kg)
torr (m Hg, OC) 1.333 22 X E -1 kilo pascal (kPa)

The becquerel (Bq) is the Sr unit of radioactivity; I Bq I evenc/s.

*The Gray (Gy) is the SI unit of absorbed radiation.

%

-% .. . .,. .... . . .



TABLE OF CONTENTS

Section Pac e

SUMMARY iii

PREFACE iv

CONVERSION TABLE v

LIST OF ILLUSTRATIONS vii

LIST OF TABLES viii

1 INTRODUCTION 1

2 USING TES IN LB/TS AND AVAILABLE DATA 4

3 TRS MODELING EXTENSIONS 10

4 SPECTRAL AND TEMPERATURE MEASUREMENTS 15

5 DIRECTED FIELD-OF-VIEW RESULTS 31

6 CONCLUSIONS AND RECOMMENDATIONS 50

7 LIST OF REFERENCES 52

.i
., 4

*

-'S,' .

-.,* ..
". - - -.' 5--.- *

,& k ., '' ,,,'', ' 
- - - ' ',

, ;':"- '---''- '" -""" ."" "',- " - - - -""" -""- . - - "" ' -_"" "."".'-Y ."""-;';- -" -',



LIST OF ILLUSTRATIONS

Figure Pae

1 Scattered radiation in LB/TS 6

2 Flux incident on inside wall 9

3 Typical TRS flame profile 12

4 Comparison of model at low height 13

5 Comparison of model at high height 14

6 Plan view of camera layout 16

7 Camera I slit orientation on image 18

8 Camera 2 slit orientation on image 19

9 Photograph of 5-19 at 0.9 seconds 23

10 TRS 5-19 +0.9 sec. rad. 650 mu. 24

11 Temperature profile along a scan 25

12 TRS 5-19 +0.9 sec. deg K 650mu e=1, temperature contours 26

13 Scan lines used for analyzing I & 2 data 27

14 Photograph of spectral measurement 2F

15 Result from spectral measurements in energy units 29

16 Result from spectral measurements in temperature units 30

17 Pictorial of sources on two calorimeters 32

18 Pictorial of sources onto baffled calorimeters 3

19 Baffle schematic 36

20 Sampled areas on TRS flame 37

21 Peak flux from baffled calorimeters 39

22 Fluence from baffled calorimeters 40

23 Cross-section of baffled calorimeter' 42

4 24 N-baffle code 44

25 Gain using baffles 48

"a 26 Baffled calorimeter data 50

a., vii"
.,a a.



F r r rr r - -r-w - - -- - n - rJ

--- ,-._

S'%

."2.2
*"e" i i~U

1 '" 4" "- " '"- "" 
%
" - . " "" = ,'- "- "" "* *" . ". - " "-. - "" - * "* " ' " % "o "- . . . . °. "- - "* ' ,% " % " " ° "" ' "r



SECTION 1

INTRODUCTION

The United States Army has nuclear weapon effects (IIWE) requirezentz3
that must be met in order for the Army to effectively assure its systems
survivability in the undesirable event of a limited nuclear war. In order tc

,. assess system survivability, the Army has identified a need for a !ar ,e stock
tube to deliver realistic air blast loads on fairly large drag-sensitive

targets. Since it is also recognized that synergistic air blast and thernal
effects can be important to these system survivability assessments (Feference

1), thermal loads also need to be delivered within the shock tube.

Therefore, the Army is proceeding with a program that may lead to a

decision to develop, design, construct and calibrate a lame blast l r
with ain a J eal siu . In support of the Army requirements,
Defense Nuclear Agency (DNA) is participating in this Large Blast/Therml&
Sjmultor (LB/TS) program by providing research and development supporlt in
critical technology areas.

This report presents the results of one such effort where D.NA i!
providing support to the LB/TS program. This effort was conducted to extend
existing tools for calculating the irradiance at locations in front of thermal
simulators planned to be placed in the LB/TS.

1.1 THERMAL RADIATION SIMULATOR (TRS).

One of the most important differences between a nuclear e o
LN.) and. a mi"ai Zive relativis the r lare Imount of
energy released jm the nuclear ex n f t1e thermal i .
Synergistic effects, resulting from the combination of air blast and thermal

4, ~loads, have been seen in the nuclear case; they have been known to exist for
many years. Unfortunately, these effects have been difficult to obtain in the
field primarily due to lack of large scale thermal simulation devices that
produce significant radiative output.

Therefore, DNA has been investigating ways to improve its thermal
V. simulation capability. One such approach was developed by Science

Applications, Inc. (SA) and resulted in a large scale thermal radiation
simulator (TRS), the Al-LOX system. A number of these simulators have been
fielded on the last three DNA HE events: MILL RACE, DIRECT COURSE, and VINCR
SCALE. They are planned to be used in the LB/TS in order to investigate
synergistic thermal air blast effects.

The type of TRS being considered will consist of a set of nozzles
aligned in a row. Each nozzle will work like current TRS nozzles in that it

4will spray aluminuir powder, fluidized in a nitrogen bed, rapidly upward into
the air while liquid oxy&en is being ejected into this two phase flow. The
mixture will be ignited and will produce an intense flame that can burr, until
the constituents are throttled or exhausted. Each current TRS flane typically
reaches a height of four to eight meters. The height of the TPS in the LB/TS
will be determined by how it is operated and details cf the flow within the
LB/TS.

For use in the LB/TS, the consumed products of corpbu- tion are

%J-
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devt lcped for rNA thus far do a reasonably good job in re;iicat nL tie -
taken in the field. The odel parameters are determined by calibratir tc te
field data. The calibrated models have value in that their existence 7ilows
reliable interpolations to be made for plannir. field experinents.

Currert TR models, however, need to te extended. Account Cf wall
reflections that will naturally exist i. the LB/TS must be made. The physicalmoels also have tc te adjusted fcr different flow rates.

The current planning for L5/TS assumes a reliable thermal es irtor
will be available to hel; in its design. This effort was therefore dir'ect( '.
toward extending the current DNA models to LE/TS conditions with Jians to
perform calculations that the LB/TS community could use for preliyinar
planning. Nevertheless, it is expected that these models will be further
refined and calibrated as additional experimental data become available.

1.3 BRIEF HISUFRI OF MODEL DEVELOPFF'.T.

When the first. T. modelineg efforts were started for DNA, the
. intention was to provide empirical fits to the data as it was being collected.

Nevertheless, the -odeler chose physically plausible models and potentially
meaningful adjustable parameters in the hope that the model parameters would
someday be correlatable to actual physical data. As it turned out years
later, correlations were established and a general calibration to the TRS
source, with a 5 kilogram per second flow rate of aluminum, produced results
ir reasonable agreement with the database. Furthermore, model parameters that
would represent visual flame dimensions agreed approximately with thephotographed flame shape.

This success pronpted the limited field of view experirent in an
attempt to imrirove the understanding of height dependency of some of the other
model parameters. The results have been encouraging and analysis has led to
an improved representation of the flame. Additional details about the riodel
car. be found in Reference 2.

1. 4  EXPERIMENTS NEEDED TO MODEL THEP.'iAL IN LB/TS

The original point source TRS model has been improved through several
iterations to reach the current bulging inverted cone model (Peference 2.
lodel improvements have generally been supported by the limited data acquired
on TFZ test fir.gs. Even with these improvements, there are still
significant differences between predicted and measured irradiance levels at.
some positions. These differences can have several sources including botl
rodel error and measurement error. These are relpted because the model ha2
been ,revelc~ed and validated with the aid of the existing measur 'z.ent i-

% " q "%
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"Tbh7.ata b is limited and therefore errors witlhir it wll
significantly irjact [_.Cd&± perfcr .ance.

It i-s iowever-, just such a detailed m.odel which must be developed for,
the LB/TS. To date, the TRS has chiefly been used in field experiments. In
that case, the Primary reflective surface is the ground. In the LB/TS, the TFS

will be largely confined and the walls of tne structure may influence the

thermal load delivered to a target. Additionally, a detailed knowledge of TF.S

source characteristics will assist in the selection of LB/TS constructon

materials and also perhaps in physical design. To support the development and
validation of a detailed model, the TRS must be characterized with a hi3her

degree of spatial and spectral resolution.

r
N Such an experimental program was conducted with the objective tc

significantly increase the existing database on TRS source characteristics.
This objective was partially achieved by using radiometrically calibrated

scientific notography and also by using calorimeters with restricted fields-

of-view.

Scientific photography was used to generate detailed two-dimensicnal
mappings of the TRS radiating source. The films to be used were calibrated to
provide a measure of film response (measured density) to incident enerfsy
(exposure). The curve generated (the R&D curve) was then used to convert filn

density measurements to source radiance levels and detailed two-dimensional
source characterizations resulted. Additionally, by using a diffractive

medium (prism) in the optical path, data were simultaneously acquired on

radiance levels and spectral content along selected traverses of the TRS

source. A field-of-view tilted across four TRS flames acquired data on both
vertical radiance levels and on spectral content for effective "temperature"

correlations.

Such detailed mapping was supported by using calorimeters baffled to
limit their f eld-of-view. Such measurements provide information on
irradiance levels from selected portions of the TRS flame (e.g., from

horizontal slices across the flame). Ideally, the film and calorimeter

measurements can be correlated to provide increased confidence in both the
model and the measurement techniques.

3
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SECTION 2

USING TRS IN LB/TS AND AVAILABLE DATA

This secticn discusses the models that need to be modified in order
to be used for LB/TS. The LB/TS conditions that differ from the field when
operating the TRS are then presented. These are followed by an overview of
data used, but not generated, during this effort. Finally, earlier estimates

of energy incident on a shock tube wall are shown to illustrate the need for
that type of data.

2.1 INVERTED CONE TRS MODEL.

The model, which existed at the beginning of this effort, numerically
simulates each flame and its shadowing effect on any others. It then
calculates the peak irradiance incident upon a surface that is facing the
flames and is oriented in some specified direction. The irradiance is the
amount of thermal energy (heat and light) crossing this surface per unit area
and time. Each flame is represented by a cone with apex at t'e nozzle
(referred to here as an inverted cone). Account is made of a height
dependence of the flame's radiated power per each unit length. The approach
is to use a linearly changing power per unit length up to some height
approximating the flame.

In this model, each flame is treated as a linear array of point
sources except when a flame is partially obscured. The number of points
depends on the distance between the flame and field point so as to maintain
acceptable accuracy. The closer the detector (the receiving surface) is to
the flame, the larger the number of points. This approach has been verified
and accurately represents the output from a line source (Reference 2).

When a flame is shadowed, it is treated as an array of stacked discs,
each with radius corresponding to the flame width at that height. The
contribution to the flux from each shadowed disk is adjusted by the amount of
shadowing and an appropriate change in view angle. The radiating portion of
the flame is approximated as a diffuse source for shadowed flames.

Capping each flame with an opaque cylinder approximates the influence
from smoke generated by the flames and completes the model.

A more detailed discussion of the inverted cone and earlier TRS ,

predictor models can be found in Reference 3. In order to use the model, its
parameters must be determined by a process called calibration; Reference 3
contains a discussion of this process. Much of the data used to calibrate the
5 kilogram per second source model is in References 2 and 3.

2.2 LB/TS CONDITIONS.

Conditions within the LB/TS will be different than prior use of the . -

TRS in the field and can be expected to influence the generated environment.
The conditions are: (1) existence of walls, (2) existence of vents, and (3)
air curtains near the flames. Any influence targets may have- on TRS
performance was not evaluated in this effort.

The existence of walls will cause some of the energy that would

4 '.. i-t
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otherwise be radiated away from the target to be Zcattere. back and will tend
to enharce the environment. The existence of vents will reduce aozevhat tls-
enhancenent. Both the walls and vents will affect the flow, ..,ih is into the
flames, and therefore !ay affect TRS perfornance. Figure 1 .ihcx ;4 sinplified
view of one LB/TS concept; it shows the relationship between sCurce, wall, ark"
target (detector).

A concept to help vent the residue from TRS burning is to install air
curtains to help direct the combustion products out the top of the tube.
These are not shown in Figure 1, but would flow from the bottom of the tube,
along the flame, and through the vent. The influence of the forced flow,
originating at the air curtains, on the entrained flow along the turbulent
flame edge is expected to change the radiance from the TRS. The popular view
is that the air curtain will modestly enhance TRS radiance.

The LB/TS will probably use a different TRS than that currently
being used in the field. Since changes to the TES or its operatirz conditions
can also affect its performance, some of these differences must be considered.

2.3 TFS DATABASES.

Numerous databases have been developed from the exerivental
measurements recorded during the past 'years of TIRS firipgs. Xcst of the data
exist for the TRS burning nominally 5 kilograms of aluminum per second. Most
of the knowledge gained about TRS variability resulted from the collection ant
analysis of this database (Reference 3).

Each of these databases represents some subset of available TRS
data; each can be used to calibrate the model for some conditions to be
simulated. When successful in achieving a replication of the chosen
experimental data, a database may provide an indication of the overall
variability to be expected during actual experiments. This poirt is important
because the TRS operation although becoming more reliable is certainly still
quite variable. Reference 3 presents more information on the 5 kilogram per
second database.

There also exist some data for another aluminum flow rate: the one
kilogram per second data generated at ERL with a smaller TES developed a few
years aao. This smaller TRS is described in Reference 4. The data in that
reference were availatle for use during this program from References 5 nd G;
Reference 6 includes data extending the rarhe cut past one meter to alnost
three meters. The data used from these references is presented in '.he next
subsection.

2.4 ONE KG/SEC TES DATA BASE

The database chosen for the calibration was the two second burn set.:
shots 1, 5A, and 10 from Reference 5 and data provided by Teel (Reference 6).
(Note that this burn time is actually the fuel flow time). Fluence at five
seconds was used to model the data; however, the flux and fluence are not
simply related by this burn time. In fact, the average of the ratio of
fluence divided by peak flux for the data in Reference 5 is about 2.8 on
average, not two.

When comparina data from the TRS at FCHLNA and t!-at from CRL, the
reader must bear in mind that the two organization ase different definitions
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Figure 1. Scattered radiation in LBITS.
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for burn time. A two second burn time at FCDNA means that the fluence divided

by peak flux is intended to equal two; this is imprecise but defines their
burn time. At BRL, on the other hand, a two second burn means that aluminum
is being pumped into the system for two seconds. Since the aluninun will be
dispersed while flowing through the fuel lines and since it takes some time to
burn while aloft, the ratio of fluence to peak flux will generally be larger
than the BRL burn time. We have accounted for these differences when scaling
the two data sets.

Inspection of Reference 4 reveals that the flame for the 1 kilograo
per second BRL TRS is asymmetric; this is consistent with data sent by Teel
(Reference 7). No attempt was made to model these asymmetries, but instead
concentrated on the data nominally in front of the nozzle axis.

Table 1 presents the database generated during this effort based on
the BRL measurements just discussed. Please note that the table shows fluence
rather than peak flux; the latter is typically what is modeled, therefore care
must be taken when comparing this table with other databases. Fluence was

" compared rather than flux because at the time the fluence d-a were available
* in the range from 25 to 265 cm., whereas the peak flux wab only available in

the interval from 25 to 75 cm.

2.5 TRS ENVIRONMENT AT THE LB/TS WALL.

Once sufficient data are available that describe the TRS to be used
in the LB/TS, calculations similar to those generated prior to this effort
(Figure 2) can be performed to enable LB/TS planners to evaluate such
questions as: what are the stresses on the tube wall from nonuniform thermal
loading from the TRS. The particular calculations shown here were based on
unvalidated scaling relationships. Further, the TRS was assumed to consist of
three nozzles: the outer two each burning 1 kilogram of aluminum per second;
and the inner one burning 2 kilograms per second. These results are provided
only as an illustration of why it is perhaps important to model the TFS before
the LB/TS is built.

-. ,'
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Table 1. BRL fluence database.

Range Height Fluence Shot cal
c D. cm. col/sqcm ID

25 109 239.0 1 1

25 61 216.0 1 2
50 109 113.0 1 3
50 61 90.0 1 4

90 109 60.0 1 5
90 61 52.0 1 6

25 109 210.0 5A 1

25 61 211.0 5A 2
50 109 95.0 5A 3
50 61 99.0 5A 4
90 109 54.0 5A 5
90 61 44.0 5A 6
30 109 155.0 1C 1
30 61 155.0 10 2
40 109 13.0 1C 3
40 61 16.0 10 4
70 109 70.0 10 5

70 61 56.0 10 6

90 109 54.8 ? 1
90 61 45.9 ? 2

.120 109 31.3 ? 3
120 61 24.4 ? 4
150 109 23.5 ? 5
150 61 18.8 ? 6
185 109 17.6 ? 7
185 61 13.9 ? 8
200 109 16.0 ? 9

_ 200 61 13.9 ? 10

230 109 13.5 ? 11
230 61 12.0 ?12
265 109 11.5 ? 13
265 61 9.8 ? 14

All calorimeters are directly facirg the nozzle's nominal centerline.

First section presents data from Reference 5.
Second section are averages from data in Reference 6.
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SECTION 3

TRS MODELING EXTENSIONS

The objective of the modeling work on this effort was to extend the
DNA TRS thermal predic.tor models to LB/TS conditions. The result of the
effort was: (1) to improve the power per unit height relationship; (2) to
account for potentially different fuel flow rates; and (3) to consider how to
include the capability for treating wall reflections (with postulated vents).
These are briefly discussed here.

First, the power per unit height relationship in the model was
improved as a direct result of interpretation of data obtained on this effort
and discussed in Section 5. Second, comparison of BRL one kilogram per second
TRS data and models of the 5 kilogram per second source led to the conClusion
that the power scaled to within 14 percent of what had been expected, and the
modeled flame height scaled between two scaling hypotheses (12 feet instead of
8.4 feet and 14.4 feet). Third, the wall reflection approach was formulated,
but not implemented due to a required emphasis on the experimental tasks.

The only data available that could be used to determine how the model
parameters might scale were the BRL data taken earlier (References 4 and 5)
and data being generated during the same time frame as this technical effort
(Reference 6). These data were generated with a torch typically flowing
aluminum at the rate of one kilogram per second, or about 20 percent of the
usual rate for the 5 kilogram per second burner at the FCDNA TRS site.

The net result of the study was that a way of scaling the 5 k-ln:ran

per second data was found that produced good agreement with the 1 kilogram per
second source. HoWever, it is clear that multiple solutions are possible a ,d
it, therefore, can not be said that the scaling relationship is known.
Additional measurements will be required, possibly with spatial resolution
type gauges similar to what was used in this effort.

3.1 SCALING FLAME SHAPE.

Although the results are inconclusive, it can be said that no serious
error seems to be introduced if the shape of the flame's profile is taken to
be invariant when scaled by two model parameters: flame height and flavne
diameter. (These parameters are also changed and are determined b
calibration to the data). Note that it is possible that availability of
height resolved irradiance data could lead to adjusting the shape.

The determination of all the model parameters was made by a
calibration to the fluence data in References 5 and 6, which were latEr
published in Reference 4. The set of model parameters thus determined are
compared with those for the 5 kilogram per second source adjusting Io accourt
for the fact that fluence data were being used. The comparison allowed the
tentative evaluation of scaling hypotheses. The new parameters were used to

generate calculations with the model and these results were cormpared witb tU e
original data.

The agreement was improved by modifying the older model as found in
the original version of FC-TEE (Reference 8) to account for the fact that tle
flame profile is not really an inverted cone but bulges out nearer to the

10
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ground as seen in Figure 3. This improvement has been included in FC-TEE II
(Reference 9).

Making the aforementioned adjustments in model parameters and movel
improvements, a calibration of the model was produced. Then the model was
exercised for conditions that included the database and the two were compared.
Figures, 4 and 5, show the result which appears quite Lood. Because no flux
data were available past one meter in range (and funds were liilited) no
calibration to peak flux or subsequent comparison was made.

Although sufficient data do not exist to validate what has been
learned about scaling the TRS models to different operating conditions, this
effort showed promising results.

3.2 EXTENDING MODEL TO INCLUDE WALL REFLECTIONS. .'
. I.

The LB/TS will probably have diffuse walls. If this is the case then
it will be computationally efficient to first precompute and then model the
flux incident at each location on the wall, since the position of the detector

'4 will not affect this (assuming small detectors). This will be true whether or
not the flame structure is static.

However, if a specular component exists it may be better to model at
least the specular part for any detector since each source element (3ce Figure
1 -hown earlier) will have a different image for each detector. This image
will appear to the detector as a ring beyond the wall.

Some experimental work has been done that indicates that the
contribution from the wall with vents will be small (Reference 10). Since the
flame source has not been modeled, it is difficult to determine with any
confidence whether these preliminary experimental results would be expected
based on theoretical arguments. Calculating the importance of wall
reflections will not be difficult once the flame source and reflecting nature
of the wall are known. The primary issues will be how to efficiently compute
the environment and that will depend on what the conditions (e.g., wall
reflectivity and flame structure) are.
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SECTION 4%

SPECTRAL AND TEMPERATURE MEASUREMENTS ,

Prior to this effort, the modeling effort relied prircipally upon
calorimeter measurements from which flame characteristics had to be inferred.
This is a difficult process because the TES flame structure is influenced by
wind conditions during a burn. The flame produced even by similar wind sreed
and direction does, in fact, have a stochastic component, althouth. somie think
the flame is fairly repeatable. Unfortunately, there has never beer
sufficient opportunity to quantify this stochastic component.

Because a stochastic component does exist during any burn and the
flames from any one nozzle are not really repeatable, it is ic-ossible to
obtain flame characteristics from what would otherwise be a minimum et (if
calorimeters. Instead, a statistically meanirful set must be used, which at
the time of this effort had never been done. This lack of data has Lade tht
specification of the model's parameters imprecise.

Therefore, meaningful photographic measurements of the fl&*r:e wEre
obtained to guide the modeling activities. The advantage of scientific
photography is to improve the bandwidth of information by literally orders zf
magnitude over what exists with calorimeters. Its primary disadvartawe is
that the optical wavelengths used only cover abcut 15 percent of the emitted
energy bond, whereas the calorimeters measure about 90 percent of the eritted

energy, i.e., about six times as much. Nevertheless, the infcrmatic-n
obtainable in the visible spectrum will be beneficial both to modelir6 efforts
and to future planning of infrared measurements.

In order to conduct this set of scientific photcrgraphy measurements,
four cameras were used. Each was a Photoscnic 4M type using half frame --41- mm
format. The framing speed was 100 frames per second. The exerixent

consisted of photographing three TRS events and then selecting the rozl-
suitable for analysis. The analysis effort was restricted t,: 2C ucanF of film
from each camera for one selected event.

Figure 6 shows a plan view of the layout of the cameras. The use of
long focal length lenses and the large standoff distance (250 feet) was to
simplify the analysis. The object shown as baffles is described in Section 5.
The TRS array consisted of four nozzles placed along a line. The twc inner
nozzles were separated by 10 feet and the outer two were each 2 feet a',,I fr
its nearest neighbor. Thus, the separation of the two outer nozzles wa 2(
feet. The cameras were placed on the opposite side of the ZEA taffles (a ;
other experiments) so that they would have a clear view of the flames.

The events photographed were: 5-19, 5-2,, and 5-25. Ever,. = -i;

occurred 13 April 1983 at 11:39 AM (MST). The wind speed easurd n r thc
ends of the TRS array (there are two permanently en.I.aed -ir ,re:
indicators at the FCDNA TRS site) was 1 and 5 miles per :our (Y'PH). '>

direction was recorded. Event 5-24 occurred 22 April at abhout rc,,r. The w-r,"
was only recorded at one end of the TFS array; its speed ,as 9 MPF and it-
direction was ESE. Event 5-25 occurred the same day as 5-,^4 at aboUt C P .
The wind speed was recorded as 15 and 19 MPH and its directicn was WSW.

Cameras 1 and 2 were dedicated to making spectr-cr~.-.phic measur,.ier.
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ea " a,:'r.,. A slitt actnL, as a stop allows a photograph to be made
sf the. v 'r- ly orne-di:ensional line. A diffraction grating smears this
ra.e over the rest of t Ie frame thus obtaining spectral inforration alon: the

whole in, e. The aL! i.r ent of the slit on the flame image in carera chosen
to obtair as much infcrmation over the entire flame as was geotretrically
possible.

Figure 7 shows this alignment for camera 1. Implicit in its choice
is the assumption that each of the four flames will be similar. The idea is to
obtain spectral information across the flame at different heights. If the
flames are each axisymmetric about the plumb line above their nozzle and each
rozzle produces essentially the same flame, then this diagonal line is similar
to having diagonal measurements across the flame at six heights.

Fiiure 8 shows the slit alignment for camera 2. In this case we
corcentrated on measuring the spectral information along its axis. Our
measurements provide us with detailed variations with height albeit, over one
line. This camera was aimed at the same flame that the baffle experiment was
neasurirw3 .

Camera 3 photographed the entire burning of the TFS four nozzle array
at a very narrow wavecand in the deep red to provide surface brightness
1rformation. These photographs provided quantitative information whereby
-urface radiating temperatures can be estimated, but also show details of the
flames' structure in this waveband. MAch of this information is useful for
inferrirng some of the underlying physics of the T.S flame.

Camera 4 recorded the same information as camera 3, prinariiy as a
3sckup systera, but was lost on event 5-19.

Because of the performance of the flames in Event 5-19, it was the
one analyzed ever, though camera U was lost on that event and the exposure was
tezt on the last two events (it was good on all of them). The wind speed was.
tne dominant factor in deciding what event to analyze. It appeared from th(-
;uick look r-f the three shots that the flames burn hotter on the upwind side
of the flame, i.e., they produce higher radiance when viewed from the upwind
s.ie. Further, Peference II reports that they burn cooler on the leeward
Eloe; tnls effect is consistent with our baffle measurements of events 5-24
and - (Event 5-10 was not compared as will be explained in Section 5).

Parts cf th followint subsection were extracted from Reference 12,
which was provided to SEA under suboontract; these extracted parts were Cedited
by tr _s auth or.

. SPFCTFA* AN1 TERPEFATURE DATABASP.-

Th is section cortains a brief summary of a lataibar' , of trermrm"
.t formation as !rt-a.ured frc o t , f th e fur ,oz-''le -IS events, - -S =-I9. A
i-rificant, erratic win. rcn iiticn exiit..ed ,Irirk this event. .r'2 ,.r,:

lier-cton wa;n sr-o Finat o -wrd the camera syst-ms and away fr rr
a r Pmeter 3sr r,. T I. - - v,-r.t w,,- C) re't .>.cond turn at:,t r i .Ii~ tzr[

l ;w that the source was e t wa, ry ac t. ive it one and ore-h-, f dccr 2.

- -r - .ta. r c. he.' 2' - , feet uwa, ti.u. owingC the car, rt
it, x r'-;r v n, r"-a± t- .c, i]-tr# cor 1 1n n, tr# frP ir no7les of the

- ... * .'- ,
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TRS source. In this plane, the separations of the nozzles, at' viewed (left t
right) from the camera station were:

between nozzle 1 and 2 -- 8 feet
between nozzle 2 and 3 -- 10 feet
between nozzle 3 and 4 -- 8 feet

Nozzle 4 was nearest to SEA's calorimeter station.

Four camera systems were used to characterize the time-var."i
spectral and temperature variations of this four-nozzle source. Two p.n-
registered Photosonic 4M cameras, using a half-frame 35mm format, photographed
selected segments of the luminous content of the source in the 400 to 700
nanometer waveband. Two other similar pin-registered Photosonic 4M cameras,
using a half-frame 35rm format, photographed the brightness variatfon with
time of the source surface. All four cameras ran at a nominal fra: ir, speed
of 100 frames per second.

To allow analysis to yield photometric information, the film records were
calibrated in the field through the same photographic recording system, bY
using on N'S-calibrated tungsten source set at a temperature of 2600 decrees
Kelvin. Since the calibration source could not be located with respect tc the
camera system at the location of the TRS source, an optics correction factcr
of 0.88 was experimentally established for the bellows effect (i.e., required
refocus changes needed to record thq two sources). A framing speed variation
film exposure factor of 1.22 was experimentally established. This allowed
compensation of framing speed variation between recording of the event and the
calibration source. The reduction of image size by the optical grating system
was also measured. For the camera recording the vertical spectral variation,
this image reduction factor was 0.71, and for the diagonal spectral variation,
it was 0.78.

%!!i A mercury light source has very well-defined spectral line;. Such a

mercury light source was also recorded in the field, on the event filn

records, through both spectral optic systems. Measurement of thle position on-
film of the images of these known, mercury spectral lines, established the
wavelength versus film position calibration curve for each spectrometer.

These and other measurements were used to establish the optics and
film calibration parameters, which were used to transform film image density
and position variations to source surface radiance and position values
presented in this data base. For convenience, this observed radiance is

.J converted to black body temperature by Planck's law, which defines the N

spectral distribution of thermal energy at temperature T. The conversion
scale is based on the Planck relationship between monochromatic emission power
and the equivalent absolute temperature of a black body.

Some photographic images were documented in Reference 12. Some of
4. % these are included to help the reader understtnd what data are available. The

data in the reference are presented in seven different sections. This report
V j erepeats what is said about each of those sections before showing some of t"e

r results. The following tex., although slightly modified, can be found in the
reference.

Section I (of Peftrence 12) cor.cains selected results from ten frarre,,
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produced by two cameras which recorded the surface brightness variation of TPS
5- .19. These are at 0.1, 0.2, 0.4, 0.5, 0.7, 0.9, 1.0, 1.1, 1.3, and 1.5
seconds. Time zero Is taken as the first film imaee which registered observed
Iicght from tte entire TRS unit.

Each time is described by a photograph and six graphic plots. The 
first plot shows the microdensitometer density representation of the fillr,-
image proruiced by a (200 by 200 sampling) roster scan of the image. Each
density samiple was obtained by determining the transmittance on the film inage
of an area (a single pixel) of 50 by 50 microns. Since a 6 inch lens was used

each pixel corresponds to a 1 by 1 inch square surface area on the TRS source.
The roster scan was such as to sample (create a new pixel) every 2.25 inches
on the source surface in both x and y directions. The vertical scale on this
plot is such as to set ground zero of the TRS unit at 250 centimeters.

The next four plots are vertical temperature ,rofiles at the center ii
of the luminous region created by each nozzle. The horizontal scale of 200
pixels showing vertical height can easily be transformed to physical
coordinates since this distance in physical space equals 1137.50 centimeters.

To allow these estimates of surI&ce temperature using Plarick's low
the field camera conditions were purposely bct to record surface brightness iii

a very narrow -.-- eband (deep red). This was accomplished by filtering th .
light source prior to film exposure with a Kodak Wratten 92 filter. Thus the
recorded surface brightness, as illustrated in the photograph, is limited to a
small waveband with a peak effective wavelength of 650 millimicrons.

The sixth graph represents contour temperature plots over the entire
luminous TRS surface. The contour temperature values indicated by letters A,
B, C, D, and E, are determined by Planck's law from a ve&sure of radiance. As
indicated on the plot an emissivity of 1 is assumed since at this tire
emissivity of the TRS source is not known.

Two graphs are presented at the beginning of section 2 (of Feferenee
12). These are calibration graphs which allow transforming a density
measurement on film to a radiance value and also of position on film into
wavelength. The presented density log exposure curve is properly adjusted
within the computer for variation of film response with wavelength prior to"
density conversion to radiance.

Sections 2, 3, and 4 (of Feference 12) present spectral teurene.
at different heights at ore of three times (0.3, 0.5, and 0.8 seconds) a- thf. y
have been measured by the spectrograph oriented in the vertical directirr
along the center of nozzle U. Some photographs are 7Kso included t( e i -
understand the complex ty of the data. A study of the pho, tographs ,
reveals the presence of absorption lines which would rQot exist were the T. a

black body source. By comparison with the accompanyir-g rEdiance plct i.
clear that the higher wavelengths are recorded at tht left of the ae r
photographic records.

Section 2 (of Feference 12) prte- rta spectral radiance ar i [. ctr ,i.'
temperature measurements az observed or the acurce ir in ar-- 2 by 2 ifri, '
square at heights of C, 0.36, 0.61, 1.11, 1.36, 1.61, 1. 6, 2.11, 2. 6 t 26",
2.86, and 3.11 meters above the r'ound surface. Ir t A is , e t ,t t e
measurements are for the time of 0.3 second, after start of event.
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Section 3 (of Reference 12) presents similar data from the vertical
spectrograph at a time of 0.5 seconds. Section 4 (of Reference 12) presents
it at a time of 0.8 seconds.

Section 5, 6, and 7 (of Feference 12) present similar spectral
information from the TRS 5-19 source as obtained with the diagonally oriented
spectrograph. This spectrograph recorded data from the source alcn a slit.
oriented at 21 degrees at the horizontal. The low -oint of the slit was near
nozzle 1 such that at the center of nozzle 1 the slit would sample at a heieht
of 2 feet off the ground. This slit orientation sampled the source at the
center of nozzle 4 at 12 feet above the ground. The graphs show the distance

S. in meters above the ground and along the slit.

4.2 SUMMARY CF SPECTRAL AND TEMPERATURE DATA.

The results for 0.9 seconds were selected from the documented data
for brightness variation since they show a well developed flame and the
photograph (Figure 9) from camera 3 is quite clear. In fact, the SEA baffle
fronts carl be seen. Also included is a plot (Figure 10) of microdensitometer
density representation of the film image (200 by 200 sampling). The iruate
area was 50 by 50 microns or 1 by 1 inch at the flames. A "pixel" was
assigned at every 2.25 inches. Ground zero was at 250 cm on the plot of the
image. One plot of vertical backed-out temperature profile is shown as Figure
II for one nozzle along the flame's axis. The same pixel spacing was used.
The data are limited to a narrow waveband at 650 nanometers. Figure 12 shows
a plot of "temperature" contours. Five contours are shown: 2070, 2380, 2700,

3010, and 3330 degrees Kelvin. In order to obtain this plot an emissivity of
one was assumed. The actual emissivity is not known, and furthermore, this
effort has shown that it is spectrally dependent.

Only a few figures are shown of the documented data for spectral
measurements because of the need for additional interpretation. The data
shown are illustrative and were extracted from the reference, which includes
times 0.3, 0.5, and 0.8 seconds for both orientations: vertical and diagonal.
The spectral radiance was measured from 400 to 700 nm, but is only plotted
from 450 to 700 nm. The sample size at the flames was a 2 inch square. The
reference included plots at various path length, which is height for the
vertical orientation. For the vertical orientation the heights were 0, 36,
61, 111, 136, 161, 186, 211, 236, 261, 286, and 311 centimeters above the
ground surface. The diagonal orientation was inclined at 21 degrees; it
intersected nozzle 1's centerline 2 feet above the nozzle and intersected
nozzle 4's centerline at 12 feet. The positions on the diagonal paths were:
30, 95, 160, 225, 290, 355, 420, 485, 550, 615, 680, 745, and 810 cm. The
corresponding heights relative to a line 2 feet above the nozzles are: 11,
36, 61, 86, 111, 130, 161, 180, 211, 230, 261, 280, and 311 cm.

These data were obtained by scanning the film in either of two
directions as shown qualitatively as Figure 13. The examples of what i3
available are shown as Figures 11 through 16.
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Figure 15. Result from spectral measurement in energy units.
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Figure 16. Result from spectral measurement in temperature units.
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r~~~~~~~~~. 1 uIrto -t ndjI dbe , r e oj'

several iterations to reach. the inverted core model tha t ex ioted at the p 'art

t*-this eff-Dr,. )L4st 1:- ,proverients had generally been supported by thez
limited data ac.~uired on TRS test firings. Even with those iriprovements,

th~ere wab stll sibriificanL differences be -t-:Eer. reiJictfd ariJ ?eLLur-d
2radare evlsat 6n,.ie locations in front of a TRE. These,( Jiffererice carn

have several sources includirZ both model deficiencies and smeasurerert eror.
These are related teeduse the mrodel has teen develop;ed and v .Idated ith the
ai of trit ex istin6 measurement d ata baa e. T"his cistatas-e wa-, s~r 1l ir.C
therefcre errnors .~ ithIi r it can siiriificantly imjpact r. d el 1 -nramt 1c r

-etr7rirat 4 n .

Iti Z tic we,.'r, jui3t 6uch a diet i led nodelI w ri ch r-u st 1 , v '-:-i~
c r 1,the LF/ 7W. Atithe t ime of th-is effort the Tf !,ad orl be-er Lsed i -1e1

e~x t er zr .:~ :r. that case, the onl'y reflective -urf-ee of :;rt- e , tiv - roor .

:the L2,IT tihe TF2 will be larel.y confined and the wall-- (f the, -truc 'e
r -iy ~fi ca ti1y i nfl.I-r. ce th1.e t h.e rri.1al lacd d Je ivered to a

Adit ionally, a ieti -dnrowled~e of TS SOu~rce c har-acteri.stics coul t . -J--

in. thne selection of LB/TS oorstructicn, mat,-r LalE and also per'iapj :r
des i,6n. To support the development, and validation, of a detailed r.-odel,th

TZmust be characterize with a higher deF~ree of spostial and spectr;: 1
resolution.

The objiective of the directed field-of-view calorireter testing wa.
the acquisition of source-resolved irradiance data. The apfroa c. wa3 toc
cesign, fabricate, and field calorimeter baffles that limil the caicrnine ter's
field-of-view. Six of these baffles (or collimators) were built and fielded.
U~nfortunately, review of the data from th~e first TFS event revealed that the
design of the baffles was flaw-ad. Two mod ifications were made in time for
subsequent events. The data then obtained aGreed fairly well with th-e
existinrg model, except that the mraximum feak pcwer pe~r uri't h1ieig.t occurred&
5 feet rather than the predicted height of 7 feet.. A later improved Todel that.
resulted from this effort agrees with the measured value of 5 feet.

The objiective has beer partially met with the acquisition of TPS
source data ujsin9 restricted field-of-view calorimreters. Th e field-rif-v 104

was restricted by usirE baffles which lirrited the TFS ari-a "sepn" hvy the
c lonireter active e-lement. (AdditionalI da ta were also obt.a rrl w th
radiometrically calibrated scienti fic photographyasdcrce.. r i

Section 4).

Calorimeters without bUaffles record the integrated irrad ii;ircp over'
their field of view (up to Pi steradians). As 5showr (H" 'r- 17) r
example calorimeter., and a o de of the fl ame 7ir A sfe, of C 1 1)T .ou roe

%(pretending the (Lround plane car. be treated ais f it sou~iyr
source,- above), all emnitters add to the inte,,rai. AsF ore c.x. rere ue-; -,
considc-r whe#n data are availabe o)nly at two location-. It
dete r m Ine the d i str ibi]t ion o f the energy i n ht!iglht L 'C.L .. t ur, i- r
variables than known quantities. If on the other hardl y-u 1t~ r
angle viewed for each calori meter (as slcown, in Fit,,- r'.1 ) y 2, if ,
determine the contribution from each of those part,; a:f tl- :r rf
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the nuirber cf the limited field of view calorimeters to observe the important
parts of the flare unambiguously deternines the necessary information.

These data were acquired during TRS firings (see Table 2) corict_-
the weeks of April 13, 1983 and April 20, 1983.

The results for the baffled calorimeters are summarized here. A
crude approximation of the height dependency of maximum power per unit length
of flame was obtained. Data collected on Event 5-19 (6 measure.ents) were
corrupted by deficient collimator design. Measurements were made durin'
events 5-22 and 5-23 at three heights: 5, 7, and 9 feet. The results from 5-
23 were about 30 percent higher than those from 5-22. Event 5-23 is believed
to be better because the wind speed was low. Measurements were made during
events 5-24 and 5-25 also at three heights: 1, 3, and 5 feet. Event 5-24 is
considered the better because the wind speed was lower. Finally, measurements
were made during events 5-26 and 5-27 also at three heights: 9, 11, and 13
feet. Since these calorimeters were fairly high, flame products were
deposited on most of the baffles during the burn. The 13 feet station during
Event 5-26 was coated with these flame products and all stations were co m .ed
during Event 5-27. The experiments and data are described in more detail
below.

5.1 BAFFLED CALCRIMETERS.

Figure 19 is a schematic of the approach used wherein the cuter
baffle was sized to limit the calorimeter field-of-view to a two foot high by
six foot wide area in a vertical plane through the TRS nozzle. Internal
baffles are for stray radiation rejection. The areas viewed on the TRS are
shown in Figure 20.

The diameter of the can is 8 inches. The depth fromr the first - j',
to the calorimete.'s sensing surface was 8.17 inches. The three part it'
interior depths were each 2.6 inches. Slit 1 was 2 inches hifh by 6 innel
wide. The approximate image area was 2 feet by 6 feet since the distance fret,
the four flame symmetry plane to the calorimeter was 8.17 feet (8 feft
inches) by design.

5.2 CALORIMETER MEASUREMENTS.

The first set of measurements made unfortunately hav. I i-
util_ty. This Js because an unforeseen mounting problem preverte& t i'A

use of prerade baffles and the internal sides w~re not blackened. Th&-
effect was to allow too much internal radiation scattering rt,)
calorimeters sensing surface. The measurements made during that series cf
tests are high and the lack of adequate stray radJaton rejctior , fo
explain those results. The second set of data was acquired with a rrnd i f
set of baffles, and more accurately record the data that were to I . mea<iurcb.
Addltionally, scientific photography were fie>ded r.n. *.ae of ,htac v ir ,
tbere is therefore additional data availat. r] rrr1 -:" "
For these reasons, the second field int exer(e: - Lw '. .

These measurements wre -ade 3s add-n xper -er r .-; ,rv
ones, and as such cnly three calcrir-tt-r! w~r- 'r ;,vAJa[ .cr -

acquisition .iring i n t tvP .. To Z*-.-: re a vIr , ,v-ra,- of I ,
4 Lix sets of .ata were aroulr,- .ith rpc .- .. ] m.'.rftdr t fr ,t

V4'. .-' .' .' , . ..i " - . ' . -. . .. . • , ' - . . -. .; -



Table 2. Directed field-of-view calorimeter testing.

Event Heights Comment

no. (f t)

---- - --- --- ---- -- -- --- --- ---- --- ---- --- ---

5-19 1, 3, 5, 1IP primary & secondary lost. All stations used V

7, 9, 11, bare galvarnized steel. Low wind (W 1-5).

5-2 5 7 ,High wind (SW 10-13).

5-23 5, 7, 9, Low wind (S 4-5).

5-24 1, 3, 5, Moderate wind (ESE 9).

5-25 1, 3, 5, High wind (WSW 15-18).

5-26 9, 11, 13, Top buffled coated.

5-27 9, 11, 13, All baffles coated.
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' and with data overlap to assess internal consistency in the data set.

0 The calorimeter data acquired on these events is summarized in Table
3 and in Figure 21 and 22. The data have been presented in two different ways

r. the figures. In Figure 21, observed peak flux was obtained from flux plots
generated at the TRS site and with calorimeter calibration data provided by
the manufacturer. Similar data are plotted in Figure 22 except that here

- measured fluences for the nominal three and one-half second burns are plotted.
Note that if the TRS source were non-varying and uniform, then the ratio of
fluence to flux should be exactly the three and one-half second burn ti'me. It

can be seen from the ratios summarized in Table 3 that this is not the case.

Although some general trends and patterns can be seen in Figures 21
and 22, it is also obvious that there is substantial variability in the data.

Table 3. Calorimeter data.

Event Calorimeter Height Peak Flux Fluence Ratio
no. no. (ft) (Fluenc e/F lux)

' 5-22 1 5 3.25 9.57 2.94
5-22 2 7 2.95 7.95 2.69
5-22 3 9 2.52 6.40 2.54

5-23 1 5 4.64 13.34 2.88
5-23 2 7 4.30 10.90 2.53
5-23 3 9 3.15 10.87 3.45

5-24 1 1 1.48 4.35 2.94
5-24 2 3 3.90 11.20 2.87
5-24 3 5 4.58 13.72 3.00

5-25 1 1 1.112 4.41 3.11
5-25 2 3 2.147 7.83 3.17
5-25 3 5 2.35 6.85 2.91

5-26 1 9 .33 2.90 2.18

5-26 2 11 1.18 1.47 1.25
5-26 3 13 0.63 0.57 0.90

5-27 1 9 1.42 3.13 2.20

5-27 2 11 1.00 2.59 2.59
5-27 3 13 1.03 1.77 1.72

Under the same conditions, a reproducib>e source would have made a consiktent
.set. All of the data should have tied together at the five and nine foot
locations. Tnstead, these data scatter by factors of two to four.

The winds during events 5-25 throukh 5-27 were -,i-;nificnt and
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bloiirg towards the calorimeters. As such, presur.ably aluminur oxide
cor ibustion products tend to obscure the flame and the net; result
anonalously low date such as seen or. 5-26 and 5-27, and the evident low ri:U ,
of levels at 3 and 5 feet for 5-25. It is possible that scalins of t%.e

data, accounting for wind effects, would generate a self consistent data sEt,I
but the scaling factors, and their application, have not yet been identified.
Presumably, this could be remredied given sufficient measurements.

Much more desirable, would have been the use of larger numbers of
calcrimeters to generate more data points for each event, thus providinr, 1ore
reliable height profiles. The problems of data matcling and interpretation

would then be mirimized.

5.3 ANALYSIS METHOD FOR INTERNAL SCATTERING.

As has been stated earlier, two problems existed when the first
measurements were made with the baffled calorimeters. These caused too mucl-
energy to be scattered internally into the calorimeter's sensing surface thius
maskirg what we were trying to measure. The fluxes bein& measured were r.:ucn

,.- higher than expected based on model calculations. Analysis led to t1e -
necessary baffle design changes.

Writing an energy balance for each compartirrent withir the baffle
provides a simple model for estimating the relative contribution fro,, t'.e
undesired internal scattering signal compared to the directly incident f]ux.
This model is based on initial conditions determined by geometry, wall

absorptivity, and model predictions for both the incident flux at the entrance
slit and that incident directly onto the calorimeter's sensing surface.
Solving the resulting equations parametrically for plausible initial

conditions quickly leads to the conclusion that the baffle should have at
least three internal compartments given the sizes i. the original design and

-p that the baffle walls should be made to be reasonably absorptive.

The simple model built to perform the analysis to improve the baffle
design is based on a physical interpretation as follows. The baffled
calorimeter is similar to the conceptual cross-section view shown in Figure
23. The essential features are that there are a number of compartments, each

having an entrance and exit, although some of the photons will ex:it an
entrance and enter an exit. The exit of the last compartment is ti,e
calorimeter's sensing surface. Each internal wall haz -cme absorptivity.
Photons entering the system through the entrance slit of' the first compart-m-!)t ,"

can either encounter a wall or exit the compartment. Those encounter-ing a
wall will either be reflected or absorbed. Those that are abscrted will not
be considered further (the heating of the wall and any subsequent reradiation

is ignored). The reflected ones, however, can be sent back to the outs;ide
4 slit (and leave the system), or they can encounter the wall, or they can pass

from compartment 1 to 2.

Similarly, photons move through ccmpartaent 2 to compartment and
sometimes back into compartment 1. Photons passing through t1hc out-ide slit
directly onto the calorimeter are by definition the desired signal. Otier
photons that are internally reflected are unwanted and contribute to the
scattered component of the total measured signal. Since the photons car
undergo multiple reflections, the process of calculat-on 1s nziura]li
iterative. To further complicate matters, the wall reflection cn be
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partially specular and partially diffuse; poaarizaticn effects cou-d alko be
significant.

In order to esti,,ate the effect cf the walls and the size of the
slits between the compartirents on the energy transport, we chose to lump all
the effects by computing a probability of photon absorption at a wall to be
proportional to the product of the internal surface area within each
compartment and its absorptivity. The probability of photons passing througZh
any slit is just its area (i.e., an absorptivity of one). Writing the energ"y
balance results in a set of equations that can be iteratively determined. In
order to terminate the iteration a smallness criterion was set.

The entire analysis was performed with the Pascal code shown as

Figure 211. One significant advantage of Pascal is its ability to express .14

recursive solutions in an elegant and efficient manner. Procedure INTEEAC.
makes use of this feature and is the essence of the solution technique.

5.4 RESULTS OF INTERNAL SCATTERING ANALYSIS.

Figure 25 and Table 4 show what effect differert baffle
configurations could have on the measured value when corpared to wv~it Uo,
be measured if there were no internal scattering witi tn the baffle. 7 'rs

ratio the author chose to call gain; its denominator was deteralined by
-2 calculating, with the TRS predictor model algorithms, what would be directly
• incident upon the calorimeter with an optical stop equal to the baffle's first
. slit (the entrance). Its numerator was determined by calculating, also with

the TRS predictor model algorithms, what is incident upon the first slit fror
one flame (it can be also done for the four flames -- the gain would go up
slightly for this configuration) and then determining, with tie N-BAFFLE code

Table 4. Gain from 1 nozzle flame for baffled calorimeter

Height(feet) 2(0.25)A 2(0.25)B 3(0.25) 4(0.25) 2(0.31 3(0.8)

1 1.1480 1.449 1.184 1.052 1.076 1.015
3 1.312 1.292 1.119 1.034 1.C49 1.CI0
5 1.315 1.295 1.121 1.034 1.05C 1.01C
7 1.336 1.314 1.129 1.037 1.053 1.-11
9 1.366 1.343 1.140 1.04C 1.05, I.C112

11 1.419 1.392 1.160 1.046 1.066 1.c13

13 1.600 1.562 1.230 1.065 1.095

key: compartments absorptivity baffle rtrr&.d
2(0.25)A 2 0.25 left
2(0.25)B 2 0.25 right
3(0.25) 3 0.25 nr,e
4(0.25) 4 0.25 ore
2(0.8) 2 0.5 r rw h t

3(0.8) 3 C.8 none

how much gets scattered into the caorir-eter t. : : rt I:re,
impinging cnto it.
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($S+) (Version: 28 Apr 83)
Program N-Baffle;
USES transcent, (SU*BIG.LIBRARY) mathtrap;

CNversion -'Pascal[1.1] N-Baffle Code BC[2.1;U
reallen -20;
max-boxes - 11; (max number of boxes plus one)
max-try -5;

TYEdirection -(lower, stays, higher);J

(lower and higher box number, or those that stay (i.e., are absorbed)
VAR

num-boxes: INTEGER;
cases, pr,baff:TEXT;
holes: ARRAY (0. .max-boxes] OF REAL; (holes into/out of each box)
wall,alpha,denom: ARRAY [0. .max-boxesj OF REAL; (each 0 is a dummy)
counters: ARRAY [0. .max-boxes] OF REAL;
f: ARRAY [lower. .higher,O. .max-boxes] OF REAL;
i,n:INTERGER
done: BOOLEAN;
flux-in, flux-cal,
scat-flux, total: REAL;
accuracy: REAL;
small: ARRAY [0. .max-boxesl OF REAL;

4 ss,s: STRING;
try: INTEGER; a

- - - ----------------------------------------------------------
a

'a.

PROCEDURE error (msg: STRING);
BEGIN

PAC.E(OUTPUT): GOTOXY(O, 11); IJRITE(msg);
CLOSE(pr); CLOSE~cases); GLOSE(baff);
EXIT(PROGRAM) '

END;

( ---------------------------------------------------------------------
PROCEDURE get-arrays;

-. VAR count: INTEGER; done: BOOLEAN;
BEGIN

try:nO;
REP EAT

GOTOXY (0, 10);
* CLOSE(baff);

ss :- 'N-BAFFLES.TEXTI;
WRITELN('File for Baffle Data [default <RETURN>- N-BAFFLES.TEXTI ?')
READLN(s);IF LENGTH(s)< - 0 THEN s: - ss;
RESET(baff,s); (Baffle Data MUST be on PREFIXED VOLUME)
try : - try + 1;

.5 UNTIL (IORESULT - 0) OR (try> max-try);
IF try >max-try THEN error ('Baffle Data File NOT found');

count: 0 ; done :=FALSE;

Figure 24. N-baffle code. "
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WRITE(pr, 'Baffle Data: (hole, wall, alpha) for file: 1'.s);
WR ITELN (pr) ;
READLN(baff, accuracy);
WRITELN(pr,'Accuracy condition is set to: ',accuracy);
WRITELN(pr);
WHILE (NOT EOF(baff)) AND (count crnax-boxes) AND (NOT done) DO

BEGIN

done: -(holesicount] <- 0.0) OR (alpha[count< 0.0)
OR (alpha(countl >1.0);

IF NOT done THEN WRITELN(pr,count:5. holes~count]: 15:4,

wall(count]: 15:4, alphallcount]: 15:4);
count: -count + 1;
END;

WRITELN(pr),
CLOSE(baff);
num-boxes: - count - 1; IF num-boxes = 0 THEN EXIT(Program);

WND;

-------------------------------------------------------------------------- )

~,4 -. PROCEDURE fill-arrays;
VAR n: INTEGER; 4

*4j BEGIN

FOR n: - 1 To num-boxes DO denom [n]: -holes[n-lj+
alpha[nI*vall[n] + holes[n];

f~higher, oh: - 1.0; f[stays, 0]: -0.0; fflower, 0]: =0.0;
FOR n: - I TO nun-boxes Do

BEGIN
f[lover, ni: - holes(n-11/denom[nI;
ffstays, n): - alpha[nJ*wall[n]/denomfn];
f~higher. n]: a holes [n]/denomn);

END;
END;

(---------------------------------------------------------------------------
PROCEDURE tally (photons: REAL; box: INTEGER);
BEG IN
GOTOXY (60,2); IJRITE('Mefmory left m',MEMAVAIL:5);
GOTOXY (0,4); WRITE(photons:15:5,'photons being added to box'.box:2);
counters(box]: - adder (countersfboxi~photons);

END;

PROCEDURE interact (photons: REAL;box: INTEGER);
VAR nun-low. nun-mid, nm-high: REAL;

BEGIN
IF (box - )OR (box -num-boxes + 1) THEN tally (photons, box)
ELSE
BEGIN
nun-low :-muler (photons, filower, box]);
IF nun-low sumall [box-11 THEN interact (num-low. box-I);

Mpz num-high:-muler(photons, f[higher, box]);

FFnnhgh2s~l [box+I] THEN interact (num-high, box+I);
nun-mid :-muler(photona f~stays, box]);
tally (num-rnid~box)

END;I END; Figure 24. N-baffle code (continued).
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PROCEDURE write-stuff;

BEG IN

writeln'pr,'Fractions: out >.>.. in stays at box i');

wrltelnpr,' ----------------------------- '

For 1:- 0 to num-boxes Do

writeln(pr, '':12,
f thigher,i]: 0:5,f[lower,i]:;0:5,f[stays,i]:10:5,i:15).

write lnkpr)

END;
Si (----------------------- ---------------------------------------------------------)

PROCEDURE write-em;

BEGIN
writeln;

writein(pr,'Flux into system -',flux-in:1O:3);
writeln(pr,'Direct at calorimeter - ',flux-cal:10:3);

writeln(pr,'Scattered flux -',scat-flux:1O:3);

writeln(pr.'Total on calorimeter -',total:1O:3);
writelnipr,'GAIN

total/flux-cal: 10: 3);
writeln(pr);

writeln(pr); writein;

END;

PROCEDURE open-cases;

BEGIN(SI-)

try :-;

REPEAT
GOTOXY (0,15);

CLOSE(cases);

ss :'N-B.CASES.TEXT';
WRITELN('File for Cases [default -RETURN >-N-B.CASES.TEXT] 1''"

READLN(s); IF LENGTH(s) - = 0 THEN s: - ss;

RESET(cases,s); Data 1MUST be on PREFIXED VOLUME if default)

try: = try + 1;
UNTIL (IORESULT = 0) OR (try >max-try);

IF try> max-try THEN error ('Cases File NOT found');

END;

-------------- -----------------------------------------------------------------

BEGIN
CLOSE(pr ;

J REWRITE(pr, 'PRINTER:' );

PAGE(pr);

writeln(pr.version); writeln(pr); writelnkpr);

get--arrays; (sets num-boxes)

fill--arrays;
write--stuff;

open-cases;

done: = FALSE;

Figure 24. N-baffle code (continued). 41
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WRITELN(pr,'Cases Data: (flux-in, flux-cal) for file:',s);
WRITELN(pr);
WHILE(NOT EOF(cases)) AND (NOT done)DO%

BEGIN
READLN(cases,flux-in, flux-cal);
done: - (flux-in < -0.0) OR (flux-cal<O0.0);
IF NOT done THEN M

* BEGIN
FOR n: - 0 TO num-boxes + 1 DO counters~n]: -0;

(Power absorbed)
scat-flux: -(flux-in * holes[OJ-I

flux-cal*holes[num-boxesI);
small [0]: - accuracy*scat-tlux;
FOR n: 1 TO num-boxes + 1 DO (incident upon each box)

small[n]: - small [n-i j*f[higher, n-11;
interact (scat-flux,l);
writeln(pr); 

1

WRITELN(pr, 'Box' ,i:2, 'absorbed' .counters[i] :15:5);
writeln(pr);
scat-flux: -counters~num-boxes + 11;
(Scattered flux absorbed by detector)
scat-flux: - scat-flux/holes[num-boxes];
total: - flux-cal + scat-flux;
write-em;
END;

END;
CLOSE (cases);
CLOSE(pr);

END.

Figure 24. N-baffle code (concluded).
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SECTION 6

CONCLUSIONS AND RECCMMENrAT:ON3 %

This section presents the conclusions and re NE~mendationz that
resulted from this effort; these are grouped by topic.

6.1 PLANNED LB/TS TRS FLAME.

The current plan is to include a new type of TES, called the thin-
flame, in the LB/TS. The intent is to produce a flame that is smaller in
range extent so that it can be vented easier and hopefully allow objects to be
set closer to it and thereby possibly increase the irradiance. The flame
would fan out in cross range. Therefore, the results obtained here, while
helpful to modeling TRS environments may have to be exter ded to this new TPS.
It is also possible that only a calibration of the current TRS model will be
required to replicate the thin-flame TRS data. Until data are available, it
will remain urclear as to which path should be taken.

6.2 SCALING TO FUEL FLOW RATE.

While the scaliri6 of TRS output to fuel flow rate is inconclusive,
the trends that have been inferred will warrant further inspection when more
data become available. In order to preserve what has been done, but at the
risk of the reader taking the following zrerments to mean that the scaling
relationships have been established, it is hypothesized that the power out
parameter will scale directly with the fuel flow rate for certain similar TRS
operational parameters. Further, it is hypothesized that the volume of the
flame scales directly with the square root of the fuel flow rote ratio. Both
of these hypotheses are very preliminary and based on tc few data.
Nevertheless, since it is conceivable that such hypotheses may facilitate
comparison of future data they have been included.

6.3 PHOTOGRAPHIC AND SPECTRAL MEASUREMENTS. -.

An attempt to model the photographic and spectral measurement results
should be made.

Measurements in the infrared should be considered and possibly made
in order to deterrine the nature of the flame's radiance and these compared to
the optical data. A dual wavelength (3 to 5 and 8 to 12 microns) observation
of the TRS could be helpful. It would be beneficiFi to include a larger
fraction of the spectrum than just the visitle because the TRS spectruw is
apparently less than 3000 degrees Kelvin.

6.4 BAFFLED CALORIMETER MEASUREMENTS.

It is recommended that baffled calorimeter data be reacquired on a
dedicated set of TRS burns and a larger number of calorimeters be used. DNA

Field Command now has at least thirty caloritreters for use It the TFS site;the TFS flux field can now be measured in greater detail.

Additional measurer.ent ; with tte limitedl field of view calcri;,eter.".

would be beneficial if a few non-windy tests could be perforried with nt lpst
six of these gauges on the same pole. The baffle unit a could also be i,,prove
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somewhat to further reduce internal scattering. -A

6.5 CALORIMETER RESPONSF.

Most of the prior data from TRS burns have been acquired with fielded
calorimeters. These calorimeters were supplied by the manufacturer with
calibration curves providing generated sensor voltage as a function of
delivered thermal flux. The source used to generate the calibration curves
has not been identified and the spectral sensitivity of the caloriaTeter front
surface is unknown. Additionally, to use the calorimeter data, it has been
assumed that the sensors have on ideal isotropic response to delivered flux.
This has not been validated, and in general calorimeter response has not been
characterized with as much detail as is necessary for efficient model
development and validation. It is recommended that this information be obtained.

6.6 SPOT CHECK OF CALORIMETER RESPONSE.

One additional item of note is the fact that there is currently no
way to assess calorimeter response just prior to a shot. A readiness
condition is tested by briefly exposing each calorimeter to the flar~e of a
portable propane torch. Response is noted but not quantized. Again, to
assure a common base to the data, and that certain biases have not been
introduced, spot checks should be developed for the LB/TS and also the field.

.
2A'.
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